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9 ABSTRACT: Dielectric metasurfaces require high refractive index contrast materials for optimum performance. This
10 requirement imposes a severe restraint; either devices have been demonstrated at wavelengths of 700 nm and above using high-
11 index semiconductors such as silicon, or they use lower index dielectric materials such as TiO2 or Si3N4 and operate in the visible
12 wavelength regime. Here, we show that the high refractive index of silicon can be exploited at wavelengths as short as 532 nm by
13 demonstrating a crystalline silicon metasurface with a transmission eﬃciency of 71% at this wavelength and a diﬀraction eﬃciency
14 of 95% into the desired diﬀraction order. The metasurfaces consist of a graded array of silicon posts arranged in a square lattice
15 on a quartz substrate. We show full 2π phase control, and we experimentally demonstrate polarization-independent beam
16 deﬂection at 532 nm wavelength. Our results open a new way for realizing eﬃcient metasurfaces based on silicon for the
17 technologically all-important display applications.
18 KEYWORDS: dielectric metasurfaces, crystalline silicon, wavefront control, diﬀractive optics
19M etasurfaces are ultrathin optical elements that can20 manipulate optical wavefronts by modifying the phase,
21 amplitude, or polarization of light waves on a subwavelength
22 scale.1−6 Metasurfaces oﬀer new degrees of freedom for
23 controlling light beams on a smaller scale and with higher
24 accuracy than is possible with conventional bulky optical
25 components. Initial demonstrations of metasurfaces involved
26 plasmonic resonances, which, however, are rather lossy and
27 exhibit low eﬃciency.7,8 More recently, all-dielectric meta-
28 surfaces have come to the fore because of their high
29 transmission.9−11 Compared to plasmonic metasurfaces, they
30 oﬀer lower loss, yet they still exhibit Mie resonances for both
31 polarizations at optical frequencies, which has been used to
32 realize perfect reﬂectors,12 magnetic mirrors,13 and Huygens
33 surfaces.14,15
34 Because of its high refractive index and compatibility with
35 CMOS processes, silicon is widely used in all-dielectric
36 metasurface devices, such as ﬂat lenses,16−18 achromatic
37 lenses,19 vortex generators,20,21 holograms,22−25 nonlinear
38devices,26 and metasurfaces controlled phase and polarization
39independently.27,28 However, most of the silicon metasurface
40work is performed in the near-infrared wavelength regime and
41not in the visible. This is because most researchers use
42amorphous silicon (a-silicon) or polycrystalline silicon (poly-
43silicon) due to the ease of deposition onto transparent
44substrates such as glass. The problem with deposited silicon
45is its high absorption loss in the visible regime. Thin-ﬁlm
46crystalline silicon (c-silicon) oﬀers a solution to this problem
47because of its much lower absorption at λ > 500 nm.29,30 For
48example, the single-pass absorption of a 200 nm thin ﬁlm of c-
49silicon and a-silicon is around 15% and 51% at a wavelength of
50500 nm, respectively. The corresponding refractive index and
51extinction coeﬃcient of c-silicon and a-silicon are nc‑si = 4.295,
52kc‑si = 0.0719
29 and na‑si = 4.497, ka‑si = 0.45526.
11 While most
53researchers are aware that the absorption of c-silicon is lower
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54 than that of a-silicon, it is not at all obvious that this diﬀerence
55 is suﬃcient to enable the successful demonstration of high-
56 eﬃciency metasurfaces in the visible regime. Meatsurfaces must
57 create large phase delay in order to operate eﬃciently, and the
58 large phase delays are typically achieved with large aspect ratio
59 nanostructures. In the case of high refractive index absorbing
60 materials such as silicon, the question arises whether a suﬃcient
61 phase delay can be achieved in a given thickness of material
62 without excessive absorption. Since the phase delay and
63 absorption are a function of the entire nanostructure and not
64 the thin ﬁlm alone, this question can be answered only by
65 considering the structure as a whole. Alternatively, titanium
66 dioxide (TiO2),
31−33 silicon nitride (Si3N4),
34 and silica
67 (SiO2)
35 have been used for all-dielectric metasurfaces based
68 on their high transparency throughout the visible spectrum. For
69 example, a 600 nm thin TiO2 ﬁlm has recently been patterned
70 into nanoﬁns and posts in order to form a high numerical
71 aperture (NA) metalens for operation at visible wave-
72 lengths.32,33 Due to the lower refractive index contrast
73 compared to silicon, however, these TiO2 nanoﬁns and posts
74 require very high aspect ratios of 10−1532 and 6,33 respectively,
75 which makes the fabrication very challenging.
76 Here, we propose the use of thin-ﬁlm c-silicon as a
77 metasurface material for visible light operation and demonstrate
78 high eﬃciency polarization-independent operation in trans-
79 mission at 532 nm wavelength. This demonstration is enabled
80 by our layer-transfer technique, whereby we transfer 220 and
81 250 nm c-silicon device layers from a silicon on insulator (SOI)
82 wafer to a transparent quartz substrate. The maximum aspect
83 ratio of our metasurfaces is 3.4 in the experiment, which makes
84 it easier to fabricate than comparable devices based on Si3N4 or
85 TiO2. We believe that this method will open a new way to
86 extend the functionalities of metasurfaces eﬃciently into the
87 visible light regime.
88 To illustrate the capability of our c-silicon metasurface in
89 transmission and its full 2π phase control, we consider light
90 propagating through an array of circular c-silicon posts on a
f1 91 subwavelength square lattice (Figure 1).16,27 Each post acts as
92 Fabry−Peŕot resonator, and diﬀerent diameter posts support
93 modes of diﬀerent eﬀective index. Due to the circular symmetry
94 of the circular posts, our metasurfaces are polarization-
95 independent.
96 We performed the numerical calculation using the rigorous
97 coupled-wave analysis (RCWA) method36 and analyzed the
98 transmission coeﬃcient and phase of the periodic c-silicon
99 posts by varying the unit cell size a from 160 to 250 nm and the
f2 100 diameter from 0.2a to 0.8a at the wavelength 532 nm (Figure
f2 101 2a,b). In the calculation, the post height h is ﬁxed to be 220 nm
102 (refractive index from ref 29), the thickness of the silica ﬁlm
103 (refractive index nSilica = 1.45) and the adhesive NOA61
104 (Norland Products, Inc.) (nNOA = 1.56) underneath are 1 μm,
105 and the refractive index of the quartz substrate is 1.45. As
106 shown in Figure 2, arrays of posts with 190 nm unit cell size can
107 achieve large transmission amplitudes while spanning the full
108 range of phases from 0 to 2π by varying the diameter of the
t1 109 posts from 38 to 152 nm. In Table 1, which is based on Figure
110 2c, we choose eight diﬀerent diameter posts with π/4
111 increments to cover the full 0 to 2π phase range.
112 To validate the phase control eﬀect of our c-silicon
113 metasurfaces, we designed a prism-like refractive index gradient
114 as a beam deﬂector using the eight phase elements shown in
115 Table 1. The diﬀraction angle θt of such a gradient surface can
116 be calculated via the generalized Snell’s law,8
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118where nt and ni are the refractive index of the surrounding
119medium on the transmitted and incident sides, θi is the incident
120light angle, λ is the vacuum wavelength, and dΦ/dx is the phase
121gradient. In our case, dΦ equals π/4 and dx equals the unit cell
122size of 190 nm. Hence we expect that the gradient metasurfaces
123will deﬂect the transmitted beam at an angle of 20.48° to
124normal incidence.
125We ﬁrst performed an ﬁnite-diﬀerence time-domain (FDTD)
126simulation of the gradient metasurfaces. We observe that the
127 f3light excites Fabry−Peŕot-type resonances in each post (Figure
128 f33a). As shown in Figure 3b, the diﬀraction angle observed from
129the phase proﬁle is 20.48°. The same angle can also be
130calculated from Figure 3c by37
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132Further, we obtain a transmission eﬃciency of 61% at 532
133nm and an eﬃciency for the diﬀraction into the desired order of
13497%. Here, these transmission and diﬀraction eﬃciencies are
135deﬁned as11,17
η = I I/
T out input 136(3)
η = I I/
diff 1rd out 137(4)
138where Iinput is the transmission intensity of the quartz substrate
139and Iout and I1rd are the total transmission intensity and the +1
140order diﬀraction intensity in transmission of the metasurfaces,
141respectively. We also deﬁne the deﬂection eﬃciency as
Figure 1. (a) Schematic of a gradient metasurface that acts as a beam
deﬂector and (b) an SEM micrograph of our metasurface structure.
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η = I I/1rd input142 (5)
143 being equal to the product of diﬀraction eﬃciency and
144 transmission eﬃciency into the desired diﬀraction order.
145 The diﬀerence between unity and the observed deﬂection
146 eﬃciencies (59%) is mainly caused by the absorption of c-
147 silicon (30%), interface reﬂectivity (8%), and other diﬀraction
148 orders (3%). For the 220 nm ﬁlm used here, the aspect ratio of
f4 149 the fabricated device is 2.7. As shown in Figure 4a, we have
150 calculated the transmission eﬃciency and diﬀraction eﬃciency
151 as a function of c-silicon thickness. For thin c-silicon, it is
152 diﬃcult to achieve full 2π phase control for high diﬀraction
153 eﬃciency and transmission, while for thicker c-silicon, the
154 aspect radio is too high, leading to high absorption and
155 fabrication complexity. It is interesting to note that if we were
156 to use a slightly thicker ﬁlm of 250 nm and a 3.4 aspect ratio,
157 we could increase the transmission further to 73% (Figure 4b,c)
158 even though the silicon is an absorbing material at that
159 wavelength. Furthermore, the value is close to the result of 78%
160 obtained with polarization-independent metasurfaces by TiO2
31
161 and which requires a much higher aspect ratio and hence more
162 demanding fabrication.
163We also simulated the full-width at half-maximum (fwhm) of
164the diﬀraction eﬃciency for both the 220 and 250 nm
165metasurfaces made in c-silicon and a-silicon in Figure S3 of the
166Supporting Information. We obtain bandwidths around 100
167and 65 nm fwhm for the c-silicon and the a-silicon
168metasurfaces, respectively.
169Thin-ﬁlm c-silicon from an SOI wafer can be transferred to a
170rigid or a ﬂexible substrate using a lift-oﬀ and stamp printing
171process38,39 or by adhesive wafer bonding and deep reactive ion
172etching (DRIE).40,41 We used the latter method because we
173found it easier to maintain the integrity of the nanostructure.
174We then used electron beam lithography (EBL) to deﬁne the
175 f5pattern. Our fabrication process is illustrated in Figure 5.
176First, we deposit 1 μm silica on a SOITEC SOI wafer
177comprising a 220 or 250 nm thin-ﬁlm c-silicon layer on 2 μm of
178silica. This 1 μm silica layer protects the c-silicon from the
179adhesives and quartz (Figure 5a). Next, we spin the UV light
180curable adhesive NOA61 on the sample followed by bonding to
181the quartz substrate (Figure 5b and c). Then the sample is
182illuminated by 365 nm ultraviolet LED light to cross-link the
183NOA61 polymer for 2 h. In order to obtain optimum adhesion,
184the sample is baked at 50 °C for 2 days (Figure 5d). The silicon
185substrate is then removed by ﬁrst milling down to near 40 μm
186followed by DRIE (Figure 5e). Finally, the c-silicon on quartz
187substrate is obtained by removing the silica of the SOI wafer
188using HF acid.
189The fabrication process of the metasurfaces on the c-silicon
190by EBL is shown in Figure 5g−i. The sample is spin-coated
191with 180 nm ZEP520A electron beam resist followed by a 50
192nm aluminum layer (thermal evaporation) to serve as the
193charge dissipation layer. The pattern is then exposed using a
Figure 2. Calculation of (a) the transmission and (b) the phase of the periodic c-silicon posts on a square lattice with diﬀerent unit cell size and
diameters. (c) Transmission and phase of the periodic c-silicon posts with 190 nm unit cell size and 220 nm height for diﬀerent diameters.
Table 1. Diameters of Posts with 190 nm Unit Cell Size and
220 nm Height Required to Achieve Full 2pi Coverage in pi/4
Steps
phase (rad)
0 π/4 π/2 3π/4 π 5π/4 3π/2 7π/4
diameter
(nm)
152 130 116 109 104 100 94 82
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194 Raith Vistec EBPG-5000plusES electron beam writer at 100
195 keV. After exposure, the aluminum layer is removed by
196 tetramethylammonium hydroxide and the resist is developed
197 with xylene. Then the pattern transfer is etched using an
198 Oxford Instruments inductively coupled plasma tool.
199 The overall area of the fabricated gradient metasurface is 200
f6 200 μm × 200 μm. As shown in Figure 6a, we used a 532 nm cw
201 laser for illumination, linear polarizers, and a half-wave plate to
202 change the polarization direction of the input light. A 4×
203 objective (Obj1, 0.1 NA) was used to focus the light onto the
204 sample with a spot diameter of ∼150 μm. A 100× objective
205 (Obj2, 0.9 NA) was used to collect the transmitted signal. The
206 real-space and k-space (diﬀraction order) image of the sample
207 was captured by the CCD, respectively (Figure 6a). From
208 Figure 6b and c, we can see that the metasurface directs the
209 light almost entirely into the +1 order, while the other
210 diﬀraction orders are too weak to be captured by the CCD. The
211 diﬀraction angle is measured to be 21°, which is close to the
212 theoretical calculation and the numerical simulation. For the
213 220 nm thin ﬁlm c-silicon design, the transmission eﬃciency
214 and the diﬀraction eﬃciency are measured to be 51% and 93%
215 by using the intensity value measured by the optical power
216 meter. As predicted by theory, the measured transmission
217 eﬃciency was polarization-independent with only 5% variation
218 (Figure 6d). This small variation may come not only from
219 fabrication imperfections but also from cross-talk between
220 diﬀerent meta-atoms in the array.25 For the 250 nm thin ﬁlm c-
221 silicon design, the transmission eﬃciency and the diﬀraction
222 eﬃciency can be improved to be 71% and 95% in the
223 experiment (Figure 6e).
224 It is known that the transmission eﬃciency of plasmonic
225 metasurfaces is limited to 25%16 because of ohmic loss, which is
226 absent in dielectric metasurfaces. In order to highlight the
227 improvement achieved with diﬀerent types of dielectric
228 metasurfaces, we compare the experimental transmission in
t2 229 the near-infrared and the visible regime in Table 2. The
230 deﬂection eﬃciency is deﬁned as above (eq 5), being equal to
231the product of diﬀraction eﬃciency and transmission eﬃciency.
232The aspect ratio is deﬁned as the ratio of the minimum feature
233size of the nanostructure to the thickness of the material.
234As shown in Table 2, low-index-contrast metasurfaces such as
235quartz35 and TiO2
31 oﬀer higher transmission in the visible
236regime, but they also require higher thickness and very high
237aspect ratios to achieve a full 0 to 2π phase range for
238polarization-independent operation. For example, the quartz
239structure requires an aspect ratio of 10 for 633 nm operation,
240which makes it diﬃcult to fabricate precisely. Poly-silicon and a-
241silicon metasurfaces can be fabricated much more easily due to
242their higher refractive index and lower aspect ratios. But the
243deﬂection eﬃciency is limited in the shorter wavelength range
244because of absorption loss, and reported eﬃciencies are below
24530% at 500 nm even for polarization-dependent designs.17 By
246improving the structure, Yu et al.11 demonstrated a 45%
247deﬂection eﬃciency at 705 nm in a-silicon, but were not able to
248obtain high eﬃciency at 500 nm, which is very important for
249display applications. By comparison, c-silicon metasurfaces oﬀer
250signiﬁcant advantages compared to these materials. Metasurfa-
251ces based on c-Si operate with a thinner ﬁlm and a lower aspect
252ratio than TiO2, and they achieve better transmission than poly-
253silicon and a-silicon in the visible regime. On the basis of a
254simple transfer technique, the c-silicon can be easily transferred
255to the desired substrate from an SOI wafer. Due to its high
256refractive index, the c-silicon pattern can be easily fabricated
257and surrounded with other low-index materials to increase the
258numerical aperture of metalenses and ﬂexible metasurfaces.37,42
259Having now experimentally demonstrated a deﬂection
260eﬃciency of 47%, let us consider further improvements. First
261of all, we note a discrepancy of 12% between the simulated
262eﬃciency (59%, Figure 3c) and the experimental value. This
263discrepancy can be explained by fabrication tolerances; by
264analyzing the as-fabricated structures, we note an average size
265discrepancy in pillar diameter of 7 nm. If we use this adjusted
266size in our simulation, the calculated eﬃciency becomes 45%,
267i.e., similar to the experimental value within measurement error.
Figure 3. FDTD simulation of the gradient metasurface. (a) Mode proﬁle for each 220 nm thick c-silicon post of the deﬂector, showing the magnetic
ﬁeld amplitude in the xz plane (Hxz) for a wavelength of 532 nm. We start with the smallest post on the left and gradually increase the size toward
the largest post on the right. (b) Phase proﬁle obtained by the metasurface resulting in a diﬀraction angle of 20.48°. (c) Far-ﬁeld proﬁles of the
incident light intensity (top) and transmission intensity (bottom). (d) Transmitted deﬂected beam intensity normalized to the input signal in the kx
direction.
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268 It is therefore realistic to achieve the predicted 59% value with a
269 reduction in fabrication tolerances. Second, high-aspect-ratio
270 nanostructures can achieve large phase delay easily and obtain
271 high deﬂection eﬃciency. On the other hand, increased
272 thickness will also increase the absorption of the posts and
273 fabrication complexity. We found that 250 nm thickness c-
274 silicon posts happen to be the sweet spot to balance these two
275 eﬀects and achieve the highest deﬂection eﬃciency at 532 nm.
276 Hence, we have demonstrated that an increase in ﬁlm thickness
277to 250 nm allows us to push the eﬃciency even further, i.e., up
278to 71% in simulation (Figure 4b) and 67% in experiment
279(Figure 6e). Demonstrating the possibility of achieving such a
280high eﬃciency for visible light with silicon is a truly surprising
281outcome of this work. We verify that diameter variations are
282indeed responsible for the discrepancy between simulation and
283experiment, as the variations are smaller for the 250 nm sample
284and, correspondingly, the discrepancy is smaller as well.
285In summary, we have transferred thin-ﬁlm c-silicon onto a
286quartz substrate by adhesive wafer bonding, then demonstrated
287c-silicon gradient metasurfaces for beam deﬂection at a
288wavelength of 532 nm. Furthermore, our experiment
289demonstrates full 2π phase control. We demonstrate a
290polarization-independent transmission eﬃciency of 71% with
29195% diﬀraction eﬃciency. The corresponding deﬂection
292eﬃciency is 67%, and our simulations show that it can be
293increased up to 71%, which is very close to the values achieved
294with TiO2, yet with a lower aspect ratio, hence reduced
295fabrication complexity, if we use commercially available silicon
296on glass samples.44,45 This lower aspect ratio also achieved high
297phase delay while reducing the absorption and fabrication
298complexity, which make it possible to achieve high eﬃciency
299metasurfaces comparable with TiO2.
300We believe that this approach not only can be applied to
301other wavefront shaping situations, such as focusing, vortex
302generation, and holography, but also oﬀers a viable route to
303eﬃcient tunable metasurfaces on ﬂexible substrates in the
304visible range. Our geometry is also attractive for a variety of
305applications in integrated optics, such as imaging, biomedical
306sciences, or wearable consumer electronics.
Figure 4. Calculation of (a) the transmission eﬃciency and diﬀraction
eﬃciency of the deﬂectors as a function of c-silicon thickness. The
corresponding meatsurface designs are shown in Table S1. (b)
Transmission and phase of the periodic c-silicon posts with 200 nm
unit cell size for 250 nm ﬁlm thickness. (c) FDTD simulation of the
transmitted beam intensity normalized to the input signal in the kx
direction for the 250 nm thick ﬁlm.
Figure 5. Schematic illustration of the c-silicon transfer process and
sample fabrication. (a) Deposition of silica on an SOI wafer using ICP-
CVD. (b) Spin-coating adhesive NOA61 (c) Bonding SOI with fused
quartz. (d) Exposing with UV light for 2 h, followed by baking for 2
days at 50 °C. (e) Polishing the silicon substrate to ∼40 μm, then
removing the remaining silicon substrate by DRIE. (f) Removing the
silica layer with HF acid. (g) Spinning ZEP520A and depositing Al.
(h) Exposing the pattern by EBL and removing Al. (i) Transferring the
pattern to silicon by ICP, then removing the resist by 1165 remover
and O2 plasma ashing.
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Table 2. Summary of Previously Reported Experimental Metasurfaces Used as Deﬂectors Operating in Transmission in the
Visible Range
ref material wavelength deﬂection eﬃciency polarization building block thickness aspect ratio
Chen et al.35 quartz 633 nm 55% independence square posts 1.38 μm 10
Astilean et al.43 TiO2 633 nm 85% linear 1D grating 540 nm 5.3
Lalanne et al.31 TiO2 633 nm 78% independence square posts 487 nm 4.6
Yu et al.11 a-silicon 705 nm 45% independence circular posts 130 nm 0.93
Lin et al.17 p-silicon 500 nm 29% circular nanobeams 100 nm 1.2
this work (experiment) c-silicon 532 nm 47% independence circular posts 220 nm 2.47
this work (simulation) c-silicon 532 nm 59% independence circular posts 220 nm 2.7
this work (experiment) c-silicon 532 nm 67% independence circular posts 250 nm 3.4
this work (simulation) c-silicon 532 nm 71% independence circular posts 250 nm 3.4
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